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For experiments that are/were in operation, only SNO and 
SuperK can offer an improvement on the limit set by Soudan-2 

on the intra-nuclear nnbar oscillation time.

 Because of the large amount of deuterons, SNO is in a unique 
position to look for a pnbar annihilation through the process of 

nnbar oscillation in nuclei. 

After a preliminary study, we believe the current published limit 
can be improved.

Motivation



Once the neutron has oscillated to an antineutron (nbar), the Nnbar 
(N = p or n) annihilation will produce mainly pions. This annihilation 
is at rest and will be isotropic.

Because of smaller binding energy, the annihilation occurs at the 
periphery in 16O.
 
In 16O, pions with energy range of 300 MeV/c can be absorbed and 
re-emitted by surrounding nuclei via delta resonance. Pions of other 
energy can also be scattered.

This will affect the isotropy of the annihilation up to a certain point.  
A treatment of this effect was made by Kamiokande-I.*
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source: S. Biller, J.A. Formaggio, and C.E. Okada, Nucleon Decay Prospects in the Sudbury 

Neutrino Observatory, SNO Internal Document, 2002. 

*Search for neutron-antineutron oscillation in 16O nuclei, Takita et al,  Phys. Rev D volume 34,  number 3,  august 1986
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The average multiplicity of charged pions is (3.24+/-0.16).*  The following 
multiplicity were quoted for Kamiokande, 3.2 for charged pions and 5.1 total 
pions. (After nuclear effect the mean multiplicity fell to 2.6 for charged pions 
and 4.1 total pions.) 

To obtain possible decay channels an isospin treatment is used.

The nnbar system contains decay isospin channels for both I=0 and I=1, while 
the pnbar contains only I=1 channels (reducing the possible decay channels 
available in a pnbar system). 

Annihilation Characteristics

*Antineutron Physics,  T. Bressani, A. Filippi, Physics Reports 383 (2003) 213-297



The channels for a pnbar annihilation have been computed from Bubble chamber data. 

Possible channels for a nnbar annihilation have been computed by Lu and Amado.*

Multiple pion Channels

(pp̄ and nn̄ branching ratios are the same) cannot be used, there are more positively charged
particles in the final states for pn̄ as indicated in column 3 of Tab. 1. Secondly, the pp̄ final
states are a mixture of isospin 0 and isospin 1 contributions, while the pn̄ final states have to
be pure isospin 1. From the latter two conclusions must be drawn: a) Not all branching ratios
observed in pp̄ will be part of pn̄ annihilations. For example pn̄ → ωω cannot occur being pure
isospin 0. b) The expected branching ratios can in principle be disentangled into isopin 0 and
isospin 1 contributions and with the help of the corresponding Clebsch-Gordon coefficients the
pp̄ and pn̄ branching ratios can be linked.
A more direct prediction for pn̄ can be made by looking at p̄n annihilations at rest, due to
isospin and charge symmetry both should be identical. Only a limited data set is available
[3, 4]. The observed branching ratios are compiled in Tab.2.

Channel BR (%)
π− + mπ0(m = 1, 2, 3, ...) 16.4 ± 0.5

π− + π0 < 0.7
2π− + π+ + mπ0(m = 0, 1, 2, ...) 59.7 ± 1.2

2π− + π+ 1.57 ± 0.21
2π− + π+ + π0 21.8 ± 2.2

3π− + 2π+ + mπ0(m = 0, 1, 2, ...) 23.4 ± 0.7
ω + 2π− + π+ 12.0 ± 3.0

4π− + 3π+ + mπ0(m = 0, 1, 2, ...) 0.39 ± 0.07

Table 2: Branching ratios of observed p̄n annihilations at rest (from [3, 4]).

However, for the pn̄ channel of interest the charge of the leading pion must be converted.
Taking the branching ratios for granted, the safe channel to look at is 2π+ + π− + π0 with a
branching of 21.8 ± 2.2 % , ie. about 1/5 of the decays. The ω meson decays with 89.1 % into
π−π+π0, thus the channel 3π+ + 2π− + π0 might add another 10.7 %. By looking at Tab. 2 it
seems obvious that there should be another 10 % or so in the π+ +2(3)π0 channel. This hasn’t
been measured but might can be deduced from the pp̄ branching ratios. New results exist from
the OBELIX experiment obtained in an energy range of 50-400 MeV [5]. Extrapolated to small
energies they might be of usage as well.
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source: Y. Lu and R.D. Amado, hep-ph/9504362. 
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source: Y. Lu and R.D. Amado, hep-ph/9504362. *



Since the annihilation is at rest, mainly S-wave are going to be present 
in the pnbar interaction, reducing the possible decay channels 
available.

Annihilation Characteristics

232 A. Bertin et al./Nuclear Physics B (Proc. Suppl.) 56A (1997) 227-233 

Table 3 

S and P-wave parameters from the coupled channel model (1) and the fit of cr~,,,,fiP up to 300 MeV/c (2). 

at (fm) rt (fm) bl (fro 3) Rt (fm) X2 /ndf 
1 0.4 + i0.5 - 1 . 4  + i l .8  0.8 + i0.1 0.2 -- i0.4 

2 0.37 + i0.54 - 1 . 5 +  i l .67  0.83 + i0.11 0.21 -- i0.43 7.6/5 

Table 4 

S, P and D-wave parameters from the fit of O'an n tip up to 400 MeV/c. 

at(fm) rt ( fm)  bl(fm ~ ) Rt(frn) c t ( fm 5 ) pt(fm) X2/n 
0.37 + i0.53--1.5 + i l .67  0.82 + i0.11 0.21--  i0.43 0.086 + i0.019 --2.17 + i2.6 9 .5/5 
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Figure 4. Fit of crOP measured by Obelix up to 

300 MeV/c including S (broken line) and P (point 

line) wave contributions. 

Figure 5. Fit of o'~,~,~P measured by Obelix up to 

400 MeV/c including S (solid line), P (broken 

line) and D (point line) wave contributions. 

about 10%. The result was used for an indepen- 

dent evaluation of the D-wave percentage in the 

ant±neutron momentum interval between 250 and 

400 MeV/c.  The aD distribution was integrated 

in this interval taking into account the experimen- 

tal ant±neutron momentum distribution obtaining 

 D(3) : (4.7 + 0.6)% (20) 

in agreement with the result from the fit of the 

annihilation frequencies (table 2). 

5. C o n c l u s i o n s  

The first measurement of ~p annihilation fre- 

quencies into 7r+~r °, ~-+z/ and K + K s  was per- 

formed as a function of the ~ momentum in the 

range between 50 and 400 MeV/c. These mea- 

surements are the first steps to fill the complete 

lack of data on specific annihilation channels in 

the tip system at low energy, which represents 

the natural extension of the/Sp experimental pro- 

gram. 

Information about the annihilation dynamics 

and the composition of the initial state in terms 

of partial waves were obtained. In particular 

Nuclear Physics B (Proc. Supll.) 56A (1997) 227-233



Models have been published stating that the dominant mode for npbar 
(which is similar to pnbar by isospin) annihilation at rest would be a two 
body system.*

These channels are currently being implemented in our simulations.

Channels

*Difference Spectra: Dominance of Two-Body Cascades in Antiproton-Neutron Annihilation at Rest, D. Bridges, W.  Fickinger,  Phys. Rev. Lett. volume 56,  number 3,  January 1986



The possible backgrounds will come from atmospheric neutrino 
interactions through delta resonance (multiple pion delta resonance). 

Monte Carlo from Kamiokande have shown that atmospheric neutrino 
interactions contribute to a background to Nnbar signal when 
reconstructing the invariant mass.*   

Simulations in SNO are being implemented to verify the impact on our 
analysis.

Backgrounds

*Search for neutron-antineutron oscillation in 16O nuclei, Takita et al,  Phys. Rev D volume 34,  number 3,  august 1986



Particle can have two different type of signature 
inside the detector. 

Showering particles such as (e+/-,γ). Showering 
particles will leave “fuzzy” rings inside the detector.

Non-showering particles such as (μ+/-,π+/-) leave 
“clean” rings inside the detector.

Particle Identification

Non-showering ring

Showering ring
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source: S. Biller, J.A. Formaggio, and C.E. Okada, Nucleon Decay Prospects in the Sudbury 

Neutrino Observatory, SNO Internal Document, 2002. 



A Multiple Ring Fitter has been developed. The fitter combines two 
separated fitters called the Mid-Point Pair Transform (MPPT) and the 

Angular Fitter (AF).  

While the fitter was created for rings from proton decays, it was 
applied to different events to test its flexibility. In this event, the fitter 

was applied and three rings were found (out of five visible rings). 

Multiple Ring Fitter

While the fitter needs optimization, tools are available to 
push a nnbar analysis further.



Dover, Gal and Richard (1982)  showed that the oscillation time for the neutron-antineutron 
process is suppressed in the nuclei. 

The free oscillation time can be calculated with the use of the reduced “lifetime” TR (this is 
in fact a rate):

τnnbar = (Tnnbar/TR)1/2

 TR = 1.0 x 1023 sec-1  (Oxygen)
TR = 0.248 x 1023 sec-1 (Deuteron)
Tnnbar =  nuclei annihilation lifetime

For an analysis including both D and 16O,  an averaged reduced “lifetime” can be calculated:

TR = (2 x 0.248 + 8 x 1.00)/10 x 1023 sec-1 = 0.85 x 1023 sec-1

Oscillation Lifetime in Nuclei



If we take the lifetime of the first phase of SNO (306.4 days), the 
lifetime of the Nnbar process can be calculated with a Feldman-

Cousins statistic (< 2.3 events at 90% CL).

Tnnbar =      Nn x ND2O     x     live days     
                    2.3 candidates    365.25 days/year

where ND2O is the number of D2O molecules while Nn is the number 
of neutron per molecule. 

In an analysis where we look only at Deuteron, the oscillation lifetime 
limit that could be achieved compared to a full D+O analysis is:

(τnnbar)D/(τnnbar)D+O = 82.8%.

Case for a Deuteron only analysis



Please note that the following are anticipated sensitivities:

For Deuteron Only Analysis:

τnnbar > 1.67 x 108 sec (phase 1)
τnnbar > 2.52 x 108 sec (+phase 2)

τnnbar > 3.13 x 108 sec (+phase 2 and phase 3)

For Deuteron and Oxygen Analysis:

τnnbar > 2.00 x 108 sec (phase 1)
τnnbar > 3.04 x 108 sec (+phase 2)

τnnbar > 3.78 x 108 sec (+phase 2 and phase 3)

Current published limit:

τnnbar > 1.3 x 108 sec

Possible Reach



A deuteron analysis can offer improvement on the current free nnbar 
oscillation limit.

The analysis is simpler than an analysis that includes oxygen since possible 
scattering on neighboring nuclei and nuclear effect are not present.

Work still needs to be done on the detection efficiency of the 
antineutron annihilation in D and 16O, but it is expected that the 

efficiency of detection for 16O will be lower because of scattering effect.

Summary


